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Abstract 
The purpose of this work is to contribute to the improvement of Phosphate ore characterization in order to optimize P2O5 
recovery. This paper depicts how, by strategically combining different analytical techniques like X-ray Diffraction, X-Ray 
Fluorescence powder/beads, Infra-Red Spectroscopy, and Thermogravimetric Analysis, it is possible to obtain a very accurate 
picture of the ore, leading to a better control of the beneficiation process. As this method furthermore allows the speciation of 
carbonates (Calcite, Dolomite, Francolite), it is also valuable for the management of complex fertilizers manufacturing where 
Calcite and Dolomite behave differently. 
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1. Introduction 
1.1. Why focusing on Phosphate ore characterization? 
Phosphate ore is a nonrenewable resource but it is essential for agriculture, as a raw material for fertilizers. 
Phosphates cannot be really substituted and recycled. Feeding the ever growing world’s population is becoming a 
challenge and phosphate needs are always bigger1.  
The mineral composition of Phosphate ore is depending mainly on its origin. Here are the 4 main classes of 
phosphates2 : 
x Fluoroapatite  :   Ca10(PO4)6F2  Igneous or metamorphic origin 
x Hydroxyapatite :   Ca10(PO4)6(OH)2  Igneous, metamorphic or biogenic origin 
x Carbonated hydroxyapatite :  Ca10(PO4, CO3)6(OH)2  Biogenic origin  
x Francolite :    Ca10-x-yNaxMgy(PO4)6-z(CO3)zF2+z   Marine or erosion origin 
Apatites with very different properties may be found in a given deposit depending on geological conditions and 
alterations suffered after deposition. As Francolite is  metastable, it can be affected by leaching , metamorphism or 
with time. It has indeed been found that the carbonation rate of francolite decreases with time2. 
Natural phosphate ore is a mixture of Apatite or  Francolite as described previously and and a set of secondary 
mineral species forming the gangue. The mixture is more or less intimate and homogeneous depending on deposits. 
The most frequent mineral species encountered are the Quartz, Calcite , Dolomite , clays (Illite , Kaolinite, Smectite 
... ) . One can also find organic residues. 
 Fertilizer industry has specific requirements regarding phosphate quality :  
x P2O5  content should be  ! 30 weight% 
x CaO / P2O5 ratio   1,6 weight% 
x MgO content   1 weight% 1 
As in any mining industry, the easiest phosphate deposits to extract and purify were exploited first. The estimated 
resources in phosphate directly depends on the ability to take advantage of less pure veins, so there is a constant 
interest in improving the beneficiation of phosphate ores. This optimization requires a fine characterization of 
secondary minerals (type, quantity). 
The choice of purification techniques is related to the type of phosphate, but also to the content of the gangue. These 
techniques are mostly of physical or of physico-chemical nature: grinding, sieving, attrition by an acid3, gravity 
separation, calcination (heat treatment at 650-750 ° C to remove carbonates), and flotation. There are also magnetic 
and electrostatic methods (for iron, titanium ...). 
Flotation is a widely used physicochemical purification technique that accounts for about 60% of the phosphates 
market. It is based on a selective modification of the surface properties of minerals : a surfactant will specifically 
adsorb on a given mineral to render it more hydrophobic. Air bubbles are injected in the medium, allowing to carry 
the hydrophobic particles up to the the surface because of their affinity with the air. These particles are thus 
separated from the rest of the ore. 
This technique is currently working well with rich phosphate ores that contains mainly silica impurities, but some 
challenges remain for carbonated ores, as phosphate and carbonate derivatives have similar surface properties. 
This study focuses on the characterization and development of an analytical protocol on North African phosphate 
ore, of francolite kind. It is dedicated to characterize the effectiveness of a dual flotation of silicates and carbonates . 
The advantage of our approach lies in the detailed characterization of carbonate phases with carbonates speciation of  
Francolite, Calcite and  Dolomite. 
1.2. Equipements and methods used 
For this study we have used the following equipments and methods : 
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x Structural analysis by X-ray diffraction, using a BRUKER AXS D8 Advance diffractometer with a Si (Li) solid 
detector. Studies have been performed on powder samples. The ore samples were previously ground with a 
oscillating tungsten carbide discs AUREC grinder. 
x Elemental analysis by dispersive wavelenths XRF (X-ray Fluorescence) spectrometer Bruker AXS, S8 Tiger 
model. Samples were prepared in the form of beads or as compacted powder using a automatic SODEMI press. 
x Thermogravimetric analysis with a SETARAM TG92 thermobalance coupled to  THIS CAPRICORN mass 
spectrometer, using Pt -Rh crucibles and a temperature program from 20 up to 1100 ° C in air. 
x Analysis by Infrared spectroscopy with a spectrometer NICOLET MAGNA IR, on samples compacted with 
KBr. 
2. Original ore characterization 
Carbonated species speciation requires a good knowledge of the material prior purification. We will call this ore 
“starting phosphate”, or “phosphate ready to be  floated”. 
2.1. Structural Analysis by X-Ray Diffraction  
We have recorded the X -ray diffractogram of the North African phosphate sample that was provided to us. Such 
a diagram is the "fingerprint " of the different crystalline species contained in the sample. The species were 
identified using the ICDD Pdf4 + database. The BRUKER data processing software allowed us to estimate the 
composition of the sample semi-quantitatively, using the mode "Full Pattern Matching” (FPM). FPM is based on 
calculation algorithms, this method uses the entire diffractogram via a method of least squares regression and 
specific response coefficients of each crystallographic species. Results are reported in table 1. 
     Table 1. Analysis in semi-quantitative FPM mode applied on starting phosphate 
Starting phosphate  Semi Quanti FPM (weight%) 
Ca9,35 F1,98(PO4)4,72(CO3)1,483  Francolite 75 
SiO2   Quartz 13 
Ca1.07Mg0.93(CO3)2  Dolomite 5.8 
CaCO3   Calcite 4.7 
CaSiO3   Pseudowollastonite 1.2 
 
Quartz therefore constitutes the main crystalline silicate species of the ore, present in very large excess compared 
to pseudowollastonite, while carbonated species Calcite and dolomite show close content, of a few weight %.  
This first step uses an approximate formula of the starting phosphate, that will be further refined using 
correlations from the literature. 
Carbonated or Fluoroapatites francolites Ca10-x-yNaxMgy(PO4)6-z(CO3)zF2+z belong to a family of phosphates 
which is characterized by a substitution of phosphate groups PO43-  by CO32- carbonates in a molar ratio 1: 1 , with a 
maximum substituted quantity of 6 to 7 weight % weight of CO2. The incorporation of CO2 in the structure is 
accompanied by an increased content of fluorine F- in order to compensate the balance of charges (isomolar PO43- 
substitution by CO32-F-). 
Apatite crystallizes in the hexagonal system, space group P63/m. Replacement of P5+, with ionic radius 0.35 Å, 
by C4+, with ionic radius 0.16 Å results in a deformation of PO43- tetrahedral, inducing  P-O distances decrease and a 
contraction of the unit cell of apatite along the axis. It has been observed that the value of the lattice parameter was 
decreased from 9.369 r 0,001Ӑ down to 9.320 r  0,001Ӑ  for maximum substitution carbonate rate. 
By determining accurately the true value of the a parameter, it is thus possible to deduce the carbonate content of the 
Francolite (figure 1).  
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Figure 1 : Francolites with excess of fluorine, a parameter variation with the amount of CO3 substituting PO44 
Determining the true value of the lattice parameter requires an exact calibration of the diffraction lines with the 
aid of an internal standard corundum NIST SRM 676 .  
For the starting phosphate, we get a parameter a = 9.33045 Ӑ . From Figure 1 , we deduce that molar CO3  = 1,133 
We have pointed out by Thermo Gravimetric Analysis that francolite also contains about 1 weight % of bound 
water, integrated into the structure. Calculating the molar equivalent of the 1% and by substituting a part of fluorine 
we obtained the refined structure :  
 Ca10F2.58(OH)0.55(PO4)4,87(CO3)1,14 
The weight % F / weight % P ratio deduced from this formula is very close to the value determined through X-
ray fluorescence analysis , as discussed in § 2.2 . This formula will be our reference one for the study detailed 
herafter. 
Note that part of Fluorine substitution by OH hardly modifies the molecular weight of the formula and in practice 
one or other expressions may be used for the calculation of various weight fractions. 
2.2. Elemental Analysis by X-Ray Fluorescence 
X-ray fluorescence spectrometry (XRF) is an elemental analysis method using the secondary X-ray emission of 
certain elements when subjected to excitation by primary X-rays. This technique, both qualitative, semiquantitative 
or quantitative, is suitable for a wide range of solid and liquid samples. It is almost a non-destructive technique for 
analyzing major, minor or traces with Atomic number above  boron (for solids). 
We have used the QuantExpress mode: quantitative analysis without standards that has been calibrated by the 
manufacturer. This  method, integrated in the device, is very useful for unknown samples analysis. A large number 
of elements (up to> 60) are analyzed at one time. Standardless method has been calibrated in the Manufacturer 
application lab. This initial calibration is then checked by the user (drift correction procedure). 
With this method, it is possible to proceed to a subsequent reprocessing of the data by setting the known 
concentrations if we have obtained them by quantitative analysis from an independent method. Concentrations of 
other elements are then recalculated. It is therefore possible to refine the results when additional information are 
gathered. This is what we did in the table by setting the values of Ca, P and Si (from the quantitative determination / 
XRF on beads) and C from the total Carbon home made analyzer (combustion analysis with IR detection). We have 
also checked by comparing the total carbon and total organic carbon, that organic carbon fraction was negligible.  
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Table 2. XRF analysis of starting phosphate using  QuantExpress method with a  compacted powder sample 
Elements Concentration 
(weight%) 
C 2.5 (fixed) 
O 42.0 
Ca 32.5 (fixed) 
P 11.3 (fixed) 
Si 6.0 (fixed) 
F 3.4 
S 0.73 
Mg 0.56 
Na 0.49 
Al 0.17 
Sr 0.10 
K 0.07 
Fe 0.06 
Cl 0.04 
Ti 0.04 
Zn 0.02 
Y 0.02 
Zr 0.01 
C 2.5 (fixed) 
O 42.0 
Ca 32.5 (fixed) 
P 11.3 (fixed) 
Si 6.0 (fixed) 
F 3.4 
S 0.73 
Mg 0.56 
Na 0.49 
Al 0.17 
In the following study, we will use preparations in the form of beads to avoid matrix effects which may be 
present when using compacted powders. The objective will be to accurately quantify the major elements: calcium, 
phosphorus and silicon. 
3. Strategy set up for phosphate analysis 
In order to optimize the phosphate flotation process, we have put in place a strategy for efficient and relatively 
quick analysis of the composition of the ore before and after flotation and for the impurities collected in the froth. 
The technical request was the following: 
• quantify precisely the three major elements: calcium, phosphorus and silicon, 
• Estimate the magnesium content, 
• Estimate the non- apatite carbonate content, that is to say present in the impurities Calcite and dolomite. 
This Data will allow us to to recover mineral species phase quantification (Apatite, Calcite, Dolomite…) 
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3.1. X-Ray Fluorescence quantitative Analysis Method for  Ca, P and Si– beads preparation 
The calibration lines were built by using certified phosphate samples: Phosphate Rock (Community Bureau of 
Reference) N° 126, extracted in Morocco; Phosphate Rock (NIST) N°120c, "Florida" and Phosphate Rock (NIST) 
N° 694, "Western". 
«Western «Phosphate type turned out to be the sample that had the most similarities with the starting phosphate, 
including a high silica content. So we chose to perform a series of bead with increasing amounts. The theoretical 
concentration of each element was calculated for each bead taking into account the dilution ratio and the ignition 
loss. 
We then completed this series of 6 points, by measuring standard beads of “Moroccan” and “Florida” rock 
phosphate in order to extend the range 
a
 
b
 
c  
Figure 2: calibration curve – XRF bead methods: (a) SiO2; (b) P2O5; (c) CaO 
In pink: calibration data obtained with Moroccan and Florida standard « phosphate rock » 
In blue: calibration data obtained with “Western” standard phosphate rock 
In  orange, starting phosphate 
In green, calibration data obtained by   spiking “western phosphate” with silica (standard NCS DC73304 China 
National)  
The concentrations of calcium, phosphorus and silica oxides in our starting phosphate sample are included in the 
3 calibration curves (see orange points). For silica, we have extended the calibration range to see if the relationship 
remains linear for future samples such as foams, richer in silica 
The repeatability of this XRF beads methods was estimated by preparing a series of 9 starting phosphate beads 
with similar dilution rates, see table 3. This distribution has a standard deviation s 
Giving a 95% probability (P = 0.05), a normal distribution and number of freedom degrees N-1 = 8, a Student t = 
2.31 factor is obtained from the Fischer table. Every measure has a 95% chance to be in the ranget Xmoy  r s.t.  The 
real average value has 95% chance of being within the range Xmoy  r s.t/N ½.. We also specified the 95% confidence 
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interval for an unknown sample: while manufacturing and systematically measuring two beads for each unknown 
sample. 
The framing values of Average value  allow us to get a satisfactory accuracy. 
Table 3: repeatability of XRF measurement for starting phosphate (beads) 
 CaO % P2O5 % SiO2 % 
Trial 1 44.71 25.91 12.78 
Trial 2 45.60 25.94 12.76 
Trial 3 45.68 26.08 13.09 
Trial 4 45.60 26.10 12.65 
Trial 5 45.96 26.14 13.01 
Trial 6 45.04 25.74 12.92 
Trial 7 45.70 26.03 12.77 
Trial 8 45.09 25.89 13.12 
Trial 9  45.62 26.11 13.01 
    
Average % 45.4 26.0 12.9 
Standard deviation s 0.40 0.13 0.17 
Variation Coeeficient VC    s/N  0.009 0.005 0.013 
Confidence range % 0.93 0.31 0.39 
Standard range framing % 0.31 0.10 0.13 
Framing of unknown sample average 
value% 0.65 0.22 0.27 
This statistic approach has also given us the opportunity to fine-tune the starting phosphate composition that 
would be: 
 CaO weight % P2O5 weight % SiO2 weight % 
Average % 45.4 +/- 0.31 26.0 +/-0.10 12.9 +/- 0.13 
3.2. Total carbonate amount estimation by TGA 
Carbon is a too light element to be analyzed by X-Ray Fluorescence, especialy when oxygen amount is high. To 
get quantitative analysis of carbonates, we have to use alternative methods such as ThermoGravimetric Analysis 
(TGA) and InfraRed Spectroscopy (IR).  
TGA consists in measuring weight loss of a sample undergoing thermal treatment. It is a quantitative analysis 
method that allows to study chemical phenomena, physical phenomena and physico-chemical ones during a thermal 
treatment under controlled atmosphere.  
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Figure 3 : Thermogramme ATG sur le phosphate de départ 
On the TGA curve, we can observe 3 weight losses:  
x at | 100°C : loss of Moisture , 
x at | 400°C : H2O loss corresponding to hydroxyl groups present in Apatite structure,  
x at |700°C : CO2 loss corresponding to carbonates group contained in Calcite, Dolomite andvApatite (these 3 
carbonates type cannot be dissociated with our measurment conditions). 
We have confirmed losses identification by coupling TGA with a Mass Spectrometer: 
 
  
Figure 4: TGA coupled with Mass Spectrometry for TGA losses identification 
The residue obtained after TGA analysis stopped at 1100°C confirmed that there are no more carbonates. The 
calcined Apatite is completely decarbonated and its lattice parameter has changed. Nevertheless its structure is 
preserved.  With TGA it is thus possible to measure relatively easily and precisely the total CO2 weight % contained 
in the phosphate sample  
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3.3 Validation of magnesium as tracer of Dolomite 
 
X Ray Diffraction with semi-quantitative FPM (see §2.1) mode tends to indicate that magnesium is only 
contained in Dolomite. Magnesium would thus be an excellent tracer of this species. In order to confirm this 
hypothesis, we have carried out a chemical treatment of a phosphate in order to selectively destroy the calcite phase, 
without impacting Apatite. This chemical treatment was fine-tuned by Silverman et al.5 in 1951. This technique uses 
a reagent (triammonium citrate) able to dissolve calcite, but in which carbonated apatites (francolite) are not soluble. 
Calcite solubility in “Silverman solution” is 50 times the Apatite’s solubility. 
Dolomite solubility with this solution was not reported in Silverman paper5. Posterior studies6 have shown that this 
reagent can also solubilize CaO and lime and have confirmed that phosphate was not solubilized. 
We have reproduced protocole discribed in Silverman et al. Publication, with our starting phosphate. Chemical 
analysis was performed on the same sample after chemical treatment in order to check its efficacy. 
Calcite cannot be detected by X-Ray diffraction after Silverman, treatment, but Francolite is still present.  
Comparative TGA between phosphate after Silverman et al. Treatment and starting phosphate allowed us to evaluate 
the exact amount of Carbon linked to the calcite.  
We have then deduced the amount of carbon linked to Dolomite, knowing the amount of carbon contained in 
Apatite, thanks to exact formula of Francolite and to the Phosphorus amount measured by XRF-quantitative  
Bead method (see 3.1). 
 
 
Figure 5 : TGA weight loss analysis of starting phosphate (blue curve),and phosphate after Silverman (green curve) 
Another calculation way consists in using Mg content to estimate Dolomite content and balance Calcite knowing 
Francolite amount. 
Finally, we can use weight % of each crystalline species obtained by FPM, after correction of non crystaline 
phosphate. 
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Table 4 : comparison of results obtained on starting phosphate with different analytical methods 
Weight % 
TGA / XRF / Silverman TGA / XRF XRD – FPM mode 
Francolite 73.5 73.5 72.5 
Calcite 3.5* 3.8 4.3 
Dolomite 5.8 5.5** 5.6 
Quartz Not determined 12.7 
Pseudowollastonite Not detremined 1.2 
*TGA on phosphate after Silverman treatment   
** Mg weight % in XRF QuantExpress mode on pressed powder (see § 2.2)  
 
The very good correlation between quantifications obtained using different techniques gives us confidence on 
results accuracy. 
The Silverman chemical treatment helped us to show that magnesium is relevant tracer for Dolomite. The XRF 
QuantExpress mode on pressed powder, by fixing weight % of Ca, C, P and Si appeared to be a faster and reliable 
method to determine Mg weight %, and thus deduce weight % of Dolomite. 
3.3. Infra-Red spectroscopy as an alternative method for carbonates speciation 
The TGA quantification of CO2 weight % is a simple process, but used alone cannot allow carbonates speciation 
(Apatite, versus Dolomite+Calcite). We have thus in parallel explored carbonates quantification by Infra-Red 
spectroscopy. Three zones are exploitable : 
x Intense Bands of  Carbonates (double band at 1454-1429 cm-1) and phosphates (1047 and 605 cm-1) 
x Band at 875 cm-1 of Calcite and Dolomite carbonates and band at 864 cm-1 of Apatite carbonates  
x Band at 728 cm-1 of  Dolomite carbonates an band à 713 cm-1 of Calcite carbonates 
 
 
Figure 6 : IR Spectrum of starting phosphate (red) and phosphate after Silverman treatment (blue) – General overview 
El Feki et al.7 in 1991 have decsribed the low intensity carbonates bands around 870 cm-1 and around 716-718 
cm-1 and the reasons of the splitting into two bands for carbonates in Apatites: this is linked to different surrounding 
of cabonates ions in Apatite lattice. We have observed a similar phenomenon between Calcite (Calcium 
zoom 
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surrounding) and Dolomite (calcium/magnesium surrounding). They thus described in Apatite 2 types of carbonates 
sites: site A (anionic monovalent) and B (phosphate trivalent site). C. Rey et al. are also using these bands to study 
teeth enamel evolution during growing. 8 
We have found a correlation between carbonate bands / phosphate bands ratio on one hand and CO2 (weight% 
measured by TGA) / P2O5 weight % (XRF quantification on bead) on the other hand.  
This correlation was set up by using a wide range of sample: starting material, Silverman treated samples after 
flotation (purified phosphate and tailings).  
We have choosen to work with Area ratio between 738.6 and 697.2 cm-1, corresponding to the sum of weak 
Calcite and Dolomite band, over phosphate band height at 604.6 cm-1.  
%C (C+D) / %P2O5 with %C (C+D) corresponding to Carbon coming from Calcite and Dolomite only. This value is 
deduced by subtracting C from Francolite from the total C amount quantified by TGA. The C amount of Francolite 
is deduced from the amount Francolite (itself deduced from P quantification) knowing the chemical structure.  
 
Figure 7: Correlation between weight % C Calcite+Dolomite / weight % P2O5 ratio  and  area of  Calcite + Dolomite ( bands between 738.6 and 
697.2cm-1)over  Phosphate band height at 604.6cm-1 
This correlation works well for the tailings (froth samples) corresponding to weight % C Calcite+Dolomite / weight % 
P2O5 ratio over 0,5 because the signal of Calcite and Dolomite peaks is intense. This is not the casefor  low value of 
this ratio, which corresponds to the initial phosphate samples and purified that contains much lower amount of 
calcite and dolomite. So we will continue to use the TGA for such samples. 
IR analysis represents an interesting alternative to the TGA for carbon analysis derived from the Calcite and 
Dolomite in flotation froth (tailings) in order to shorten analysis time. This correlation, associated with a precise 
quantification of francolite can give us, by calculation, the percentage of calcite and dolomite corresponding 
carbonates  
3.4. X-Ray quantitative analysis, a single method able to quantify all the species at once?  
We have checked whether there was a correlation between the results obtained by classical analytical strategy 
(XRF + TGA or IR) and X -ray diffraction analysis in Full Pattern Matching (FPM). As a guide, here are the results 
for the Dolomite 
  aire c+d (738.6-697.2) / bande P 604.6 = f( % de C c+d/P2O5 ) 
y = 10.991x
R2 = 0.9992
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Figure 8 : Corrélation between Dolomite weight %  obtained by  XRD FPM and Dolomite weight % obtained by classical methods (XRF+TGA 
or IR) ; (a) the full range ; (b) on froth (tailings) only 
X-Ray quantitative analysis is difficult to implement. Nevetheless it can be used as a preliminary study, as a fast 
screening method of tailinsg (froth) samples. Its area of use has to be correctly limited, as it is not performant 
(accurate) when there is a major phase and traces ones. 
3.5. Phosphate composition balance 
To analyze the purified phosphate, the method consists in dosing Ca, P and Si by X-ray fluorescence on beads. 
Phosphorus is used as a tracer of Francolite. Silicon is used as a tracer of silicate species. 
The magnesium content is estimated by XRF on compressed pellet, by fixing the values of Ca, Si and P (values 
from quantitative XRF). The magnesium is used as a tracer of the Dolomite. 
The total CO2 weight % can be obtained either by TGA or by IR analysis. Calcite content is determined by 
subtracting the equivalent CO2 weight % of Dolomite and Francolite to the total CO2 weight %.  
This approach allows to quantify the mineral species (Francolite, Calcite, Dolomite, and Silica equivalent).  Of 
purified and unpurified phosphate and the tailings.  
4. Conclusion 
We have developed an analytical strategy for the characterization of phosphate prior flotation, purified phosphate 
and phosphate contained in the froth using mainly two techniques: X-ray fluorescence and Thermo Gravimetrical 
Analysis, supplemented by Infrared spectroscopy. 
X-ray diffraction was also used, especially to clarify the composition of the starting phosphate, an essential step 
for further balance calculations. 
Concomitant use of analytical techniques based on totally independent physical principles allowed us to have 
great confidence in the accuracy of the quantitative results. 
The balance on the starting phosphate or purified samples gives satisfactory accuracy for the quantification of 
apatite and silicates thanks to the X-ray fluorescence measurements on beads (framing at 95% of the true average 
value for 2 beads of unknown phosphate: r 0.22% for  P2O5 and r 0.27% for SiO2), but also for various carbonates. 
For purified phosphates, however, we are reaching the limits of the model of Dolomite and especially Calcite 
quantification, as they become minor species (and could even be traces if the purification process is powerful). 
Calcite content is determined from a subtraction of the carbon equivalence of major species such as apatite and 
minor Dolomite to the total carbon in the sample. The contents of free carbonate being low in these samples, the 
uncertainty is bigger. It is a generally not recommended to infer the concentration of a minor species or trace from 
the difference of two major species. 
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The solution is thus to quantify directly these species in the purified phosphate or to deduce the amounts of 
calcite and dolomite in the purified phosphate from the balance sheet composition of the froths. The quantification 
of impurities (Calcite Dolomite) in froth is more accurate because concentration is higher there. 
We have shown that we can, under certain conditions, use XRD / FPM as a quick screening tool.  
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